The aim of this article is to analyze the effect of kinematic parameters on a novel proposed on-line motion planning algorithm for an articulated vehicle based on Model Predictive Control. The kinematic parameters that are going to be investigated are the vehicle's velocity, the maximum allowable change in the articulated steering angle, the safety distance from the obstacles and the total number of obstacles in the operating arena. The proposed modified path planning algorithm for the articulated vehicle belongs to the family of Bug-Like algorithms and is able to take under consideration, the mechanical and physical constraints of the articulated vehicle, as well as its full kinematic model. During the on-line motion planning algorithm, the MPC controller controls the lateral motion of the vehicle, through the rate of the articulation angle, while driving it accurately and safely over the on-line formulated desired path. The efficiency of the proposed combined path planning and control scheme is being evaluated under numerous simulated test cases, while exhaustive simulations have been made for analyzing the dependency of the proposed framework on the kinematic parameters.
Introduction
In general path planning and obstacle avoidance algorithms, coupled with control schemes, are one of the major areas of focus in the field of autonomous vehicles [1] .
Regarding the specific area of Articulated Vehicles (AV) as the one depicted in Figure 1 , their autonomous operation has received considerable attention from researchers lately 5 such as in [2] . However, in most of the existing research approaches, the focus has been in the remote operation of the AVs rather than embedding autonomy into the vehicles for accomplishing specific missions in controlled environments [3] . Currently, there is a continuous trend for increasing the overall levels of AVs' autonomy, especially in the field of on-line path planning and in related control schemes. The specific geometry of the AV is more suitable to a free space constrained environment, than a car-like vehicle [4] . Furthermore, an articulated vehicle is able to perform sharper turns from an Ackerman vehicle of a similar length, while it is being characterised in general by a higher manoeuvrability [5] and thus AVs are commonly found in multiple applications in the fields of mining and construction sites [6] . 15 Regarding the area of path planning, one of the major challenges is to satisfy the vehicle's kinematic constraints, while applying the generated planned path, a problem that to the authors best knowledge is still an open research issue. Towards this direction, common and rather oversimplified and non-realistic approaches hav been the cases where the vehicle has been considered as a unit point, with the major kinematics of the 20 vehicle neglected for simplicity reasons, while the AV has been considered of having full translation capabilities with a general state space representation ofẋ = u, with u the actuating control signal.
For a path planning approach compatible with the vehicle's constraints, a nonholonomic path planning method, for minimizing the traveling length and curvature 25 constraints, has been presented in [7] , while in [8] it has been investigated the utilization of polar polynomial curves to produce a continuous path changing, under specific curvature constraints. In [9, 10, 11] extensive work focusing on the systematic error to achieve minimal path planning errors has been evaluated, while in [12] an algorithm for minimizing the maximum path length in real time has been presented. Furthermore, 30 in [13] , a new scheme based on calibration equations, introducing fewer approximation errors in order to reduce kinematic modeling errors, was proposed.
From a control point of view, there have been proposed many traditional techniques for nonholonomic vehicles, based on error dynamics models without the presence of slip angles. A control scheme that combines a kinematic and a sliding mode controller 35 for wheeled mobile robots has been presented in [14, 15] . In [16] a general kinematic model of an articulated vehicle has been proposed that described how heading angle evolved with time as a function of steering angle and velocity. In [17] a Lyapunov based approach has been presented that addressed the problem of asymptotic stabilization for backward motion. A nonlinear control law based on partial state feedback linearization 40 and a Lyapunov method for the closed-loop path following problem of a nonholonomic mobile robot has been appeared in [18, 19] . Finally, a control scheme based on linear matrix inequalities has been presented in [20] and in [21] a pole placement technique has been applied.
The main contributions of this article are the following ones. Firstly, a modified 45 novel Bug like algorithm will be coupled with the MPC in order to establish a smooth and efficient path planning scheme for an AV. The proposed scheme is based on a partial sensory-based awareness of the AV's surrounding environment and a priori knowledge about the current goal points. Secondly, the full kinematics of the vehicle and especially its non-linearities will be considered in the proposed online path planning algorithm.
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Thirdly, a sensitivity analysis of the proposed combined online path planning and MPC scheme will be presented.
The rest of the article is organized as follows. In Section 2, the AV kinematic and error dynamics models are being presented, while in Section 3, the proposed on-line path planning is being demonstrated in combination to the utilized MPC scheme.
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In Section 4, multiple simulation results, subjected to various conditions, are being analyzed examining the sensitivity of the proposed scheme, while proving the overall efficacy in different arenas and in different configurations. Finally, the concluding remarks are provided in Section 5
Articulated Vehicle And Error Dynamic Models
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The AV's geometry is represented in Fig.2 . It consists of two parts, a front and a rear, with lengths l 1 and l 2 respectively, linked by a rigid free joint, while the overall vehicle's width is denoted by w. Each body has a single axle and all wheels are nonsteerable. The centers of gravity for these parts are being denoted as P 1 = (x 1 , y 1 ) and P 2 = (x 2 , y 2 ). The steering action is being performed on the center joint, by chang-65 ing the corresponding articulated angle γ. Furthermore, the velocities v 1 and v 2 are considered to have the same change, with respect to the velocity of the rigid free joint of the vehicle, while C is the instantaneous center velocity of the front and rear parts with different radiuses (r 1 , r 2 ). For the described non-holonomic AV, the kinematic model, including the vehicle's configuration has been extendedly introduced and ana- control parameters and the overall behaviour of the vehicle, while it has been assumed that the vehicle is traveling forward without slip, by controlling the rate change of the steering angleγ. The non-holonomic constraints acting on the front and rear axles, can be expressed as it follows:
For deriving the vehicle's kinematic equations, it is assumed that a) the steering angle γ remains constant under small displacements, b) the dynamical effects due to low speed (like tire characteristic, friction, load and breaking force) are being neglected, c) each axle is being composed of two wheels that can be replaced by a unique wheel, and d) the vehicle moves on a plane without slipping effects. Furthermore, it is assumed that 
The velocities v 1 and v 2 are considered to have the same changing with respect to 85 the velocity of the rigid free joint of the vehicle and thus the relative velocity vector equations can be defined as:
whereθ 1 andθ 2 are the angular velocities of the front and rear parts respectively.
Combining equations (5) and (6) yields:
For the case that there is a steering limitation for driving the rear part according to the 90 coordinates of the point (x 2 , y 2 ), the relationship between front and rear coordinates is provided by:
Based on the full modelling approach presented in [22] and from (3), (4), and (7) the state space vector for the AV is defined as x = [x 1 y 1 θ 1 γ] T , with the following kinematic model representation for the front part:
whereθ γ is the rate of change for the articulated angle, denoted also asγ. As it has been extensively presented in [23] , the system representation can be formulated as a set of error dynamic equations. These error dynamics are described by the following parameters depicted in Fig.3 , which are the curvature e c , the heading e h , and the displacement e d errors. In the presented error dynamics approach, the e c is the difference 100 between the curvature of the desired and the actual path. The e h is the angle between the centers of the desired and actual path, when considering the front center of the vehicle. Finally, the e d is the difference between the two paths with respect to the vehicle's location. The curvature error can be presented using the equation e c = (1/r − 1/R).
By assuming that the vehicle velocity v and the radius of the reference path R are con-
v(l 2 +l 1 cos γ) )/dt. Furthermore, the rate of the curvature error is being defined as:
As defined in Fig.3 , the change of heading error is: e h = θ 1 (1 − ) and e c = (
, the rate of heading error is being calculated as: derivative of this equation it can be derived that:
By linearizing the error dynamics in the equations (11), (12) and (13) around the ref-
erence path and by considering small changes in the articulated angle, measured in radians, and by redefining the state variables into a form containing a single control input (the rate of the articulation angle) it yields into [23] :
where
are constants and the derivative of the error states vector can be further denoted byẋ e = [ė cėhėd ] T . This error dynamics model in Eq. (14) is going to be utilised in the sequel for developing the proposed path planning algorithm and the corresponding MPC scheme for the AV's motion planning.
Path Planning and Motion Control
As it has been mentioned before, in the related literature of AV's and especially in the area of path planning, the vehicle is being modeled as a unit dynamics point and this approach is mainly due to simplicity and for avoiding the non-linearities of the AV model. However, one of the contributions of this article is to present an overall and complete motion planning approach for an AV, based on the full kinematics 125 of the vehicle, combine it with a MPC scheme, evaluate the performance of the motion planning algorithm in more realistic scenarios and present an extended analysis of the algorithms sensitivity based on numerous simulation results, while extending and strengthening the results presented in [24] . The sensitivity analysis, which will be presented in the next Section is considered as the most important contribution of this ar-130 ticle since instead of providing a couple of simulation results, it evaluates the presented scheme from an extended point of view based on multiple simulation results and based on significant algorithmic parameters that dramatically effect the performance of the proposed scheme, while providing direct insights and discussions. However, before the sensitivity analysis, the complete and extended approach on the motion planning,
135
which includes the steps of path planning and path tracking will be presented in this Section.
Modified Path Planning
The proposed online path planning algorithm can be applied for the objective of moving a vehicle from a starting point to the goal point, while detecting and avoid-140 ing identified obstacles based on the real vehicle's dynamic equations of motion and the Model Predictive Controller. As a common property of the Bug like algorithms, the proposed scheme initially faces the vehicle towards the assumed constantly known goal point. In the presented algorithm, it has also been assumed that the vehicle is able to on-line sense the surrounding environment, included in a sensing radius of r obs .
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During translation, the path planner is on-line generating future way points that act as a reference path for the utilized MP-controller. Before feeding the MPC with the reference coordinates, a proper conversion is taking place from the Cartesian space to the curvature, heading and distance space, which consist the states of the vehicle's error dynamic model [23] . The overall proposed concept of path planning and MPC control 150 is depicted in Figure 4 . As it can be observed from this diagram, the algorithm starts by The assumed sensory system is able to provide a partially bounded information on the surrounding environment due to the assumption of a limited sensing range r obs ∈ ℜ, while these measurements are being transformed to relative distances and angles from the articulated robot to the identified surroundings or obstacles, defined as d obs ∈ ℜ 165 and θ obs ∈ ℜ correspondingly. It should be noted that in the presented approach all the obstacles and the surrounding environment are being considered as point clouds in a 2-dimensional space, while overlapping obstacles are being merged and represented by a single and unified obstacle. In the path derivation a safety distance has been also considered, denoted as r min ∈ ℜ, for protecting the vehicle from approaching 170 close to the obstacles. In the consideration of this safety distance, the algorithm calculates the related distance and angle from the identified obstacle, denoted as d min ∈ ℜ and θ min ∈ ℜ, while tuning the path planning accordingly. The notations utilized and the overall concept of the proposed path planning algorithm are depicted in Figure 5 .
The operation and the sequential execution of the proposed path planning and control analysis of the presented approach can be found:
Model Predictive Control
The proposed MPC is utilizing the state space representation (14) for generating the proper rate of articulation angle for controlling the articulated vehicle. In order
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Path Planning Algorithm
Path Update
• Calculate orientation to the goal θ g (k) = arctan
• 
Update Reference Path for MPC
Step "Path Update"
Otherwise
• Vehicle Reaches Goal and Velocity = 0 to design the MPC controller for path following, the linearized system (14) will be discretized as:
where A ∈ R n × R n , n is the number of state variables and B ∈ R m × R m , m is the number of input control variable, x e is the error dynamics state vector and with u e is the control signal (the rate of the articulated angle). The overall aim of the MPC is to 185 calculate a proper control signal that minimizes the quadratic objective function of the states and control input with predictive horizon M, which is being described by:
where Q ∈ R n × R n is the weighting matrix for predicted errors and R ∈ R m × R m is the weighting matrix for control input. The Q and R weighting matrices are positive diagonal matrices with largest elements corresponding to the most important variables,
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while an increase in the values of weights tends to make the MPC controller more conservative. In the presented approach, the widely utilized ad-hoc tuning procedure for these weights have been followed in order to optimize the simulated results obtained.
Finally, the control action is being obtained by solving on-line the optimization J(k)
with respect to the control variation ∆u and the errors coordinates.
195
To handle the state and input constraints, let the bounds in the states variables as the following bounding inequality:
where ∆ 1 ∈ R n × R n is the vector containing the selecting state boundary conditions, which are the maximum and minimum allowable limits for AV's error dynamics. Furthermore, the control input bounds could be derived by taking under consideration the 200 mechanical and physical constraints of the articulated steering angle, while these constraints can be formulated as:
where ∆ 2 ∈ R m × R m is the vector containing the selecting control boundary condition.
These constraints are embedded in the MPC computing algorithm in order to compute an optimal controller that counts for the constraints that restrict the articulated vehicle's 205 motion.
During the deviation of the MPC, special care should be provided in order to correctly tune the prediction M and the control N horizons. A long prediction horizon increases the predictive ability of the MPC controller but on the contrary it decreases the performance and demands more computations. The control horizon must also be 210 fine-tuned since a short control horizon leads to a controller that tries to reach the setpoint with a few conservative motions, a method that might lead to significant overshoots. On the contrary, a long control horizon produces more aggressive changes in the control action that tend to lead to oscillations. Obviously the tuning of prediction and control horizon is a coupled process. For the aforementioned reasons the control 215 horizon must be chosen short enough compared to the prediction horizon. Additionally, the response of the system can be also shaped using weight matrices on the system outputs, the control action and the control rates.
Simulation Results
For simulating the efficacy of the proposed path planner and evaluating its sen- environment is being considered, as presented in Fig.9 , which mimics the operation in a mining environment or a construction site. In the examined case, the AV starts at 
Conclusions
In this article the effect of kinematic parameters on a novel proposed on-line motion planning algorithm for an articulated vehicle based on Model Predictive Control 
